This discussion piece is an extended review of the work on projecting the world's population and human capital by country conducted by the Wittgenstein Centre (WIC). The project was led by Wolfgang Lutz, and its outcomes were published by Oxford University Press in a book that appeared in 2014. Using statistics from the book and elsewhere, this article starts with an overview of the development of educational attainment. The role that education plays in the WIC2014 model is identified. Definitions of 'multi-dimensional', 'multi-state', and 'micro-simulation' are offered, and are used to characterise the model. A thumbnail sketch of the main methods used in the projections is given. The final section sets out a possible agenda for the future development of the WIC2014 model. This review is intended to help readers tackle the more than 1,000 pages of argument and analysis in the book, which represents a major contribution to demographic research in the 21st century.
Introduction
This article is a discussion of the role of education in demography, and focuses specifically on efforts by Wolfgang Lutz and his team to add education as a fourth dimension to demographic projection models, after place, age, and sex. In this piece, I review a very important publication produced by the Wittgenstein Centre, World Population and Human Capital in the 21st Century ). Lutz and his colleagues estimated the educational composition of the population for countries across the globe, and linked their findings to two drivers of population change: namely, fertility and mortality. It has been shown that fertility levels are highest among women with the lowest educational levels, and decrease systematically with increasing educational attainment (Basten et al. 2014; Fuchs and Goujon 2014) . This phenomenon is embedded in demographic transition theory (Caldwell 1976) and in theories of the role of human capital in economic development (Becker 1962; Becker et al. 1990) . When this relationship is included in population models for countries of the world, the projected population numbers are found to be lower than they are in the equivalent forecasts carried out by the UN. There is also evidence that education affects mortality. As people who are better educated tend to live longer and with less disability than their lower educated counterparts, the populations of countries with relatively high educational levels are likely to experience additional population ageing. This trend is already being observed in countries with highly educated populations.
In , projections were linked to scenarios (Shared Socioeconomic Pathways, or SSPs) used by climate change researchers in order to assess the impact of future populations on greenhouse gas emissions, and the impact of climate change on the welfare of affected populations. Recently, the Lutz team has carried out new world scenario projections in which they have aligned their assumptions as directly as possible with the United Nation's Sustainable Development Goals (2015 Goals ( -2030 that are likely to affect the demographic components of change (Abel et al. 2016 ). These projections have a message for international and national policy-makers: namely, that if you achieve these goals, then the world population is likely to grow more slowly than was forecasted in the medium scenario of the projections or in the World Population Prospects of the United Nations (UN 2015a; UN 2015b) .
The final component of demographic change that has been shown to be influenced by education is migration. A systematic gradient of increasing migration activity with increasing educational attainment has been established for internal migration by Bernard and Bell (2018) . Bélanger et al. (2017) included education and international migration in a microsimulation model that is under development for projecting the populations of Canada, the European Union (EU28), and the USA. However, the influence of education has not yet been fully incorporated into the migration component of published projections. We know that through international migration, there is a transfer of highly educated individuals to highly developed countries that offer attractive employment opportunities. This form of migration increases the productivity and incomes of the migrants, and results in a substantial flow of remittances from higher to lower income countries. Do both richer and poorer societies benefit from these global talent flows, or is there an imbalance?
The aim of this paper is to share the author's understanding of the contribution of Lutz and his colleagues at the Wittgenstein Centre (WIC) to the topic of the relationship between education and demography. The focus of this discussion piece is on the main model employed in World Population and Human Capital in the 21st Century, which we refer to as the WIC2014 model. Section 2 of the paper provides a brief overview of educational development across the world, drawing on some WIC2014 country results. In Section 3, the role of education in demographic change is reviewed. Section 4 situates the WIC2014 model within a typology of demographic projection models. In Section 5, the (almost) impossible task of summarising the essential features of the WIC2014 model is attempted. The paper concludes in Section 6 with suggestions for a continuing research and impact agenda to be undertaken by the WIC team.
Overview of educational development across the world
Educational attainment has risen significantly over the past 50 years. While the highly developed countries of Europe and North America had achieved universal literacy by 1965, many countries in other regions of the world had not yet reached this level. By 2016, an estimated 86% of the world's population aged 15 or older were literate. While this finding suggests that substantial progress has been made, it also means that some 750 million people are still illiterate (UNESCO 2017), the bulk of whom are living in southern Asia or Sub-Saharan Africa. However, literacy rates are much higher among the younger (aged 15-24) than among the older (aged 65 or older) people in these regions. The literacy gap between these age groups has, for example, been estimated at 36% in Northern Africa and Western Asia, 47% in Southern Asia, and 39% Sub-Saharan Africa (UNESCO 2017, Table 2 ). Literacy enables people to acquire skills that are useful in the economy, and to receive and understand messages aimed at improving their health and well-being (e.g. messages about vaccination against dangerous infections). Literacy in a population can also help governments gather information that can be used in preparing social and physical plans. Face-to-face interviews -which are labour-intensive, and are therefore expensive -can be replaced by paper questionnaires that respondents can self-complete. With further technical education and the spread of internet-connected devices, the task of digitising survey or census questionnaires or tax returns can be delegated to respondents or householders (Rees 2018) . has rightly argued that literacy and universal primary schooling will not provide countries with the human capital (skills, cognitive abilities) necessary for success in the 21st century, and that governments should therefore ensure that their populations have universal upper secondary qualifications and enhanced access to post-secondary education. Barakat and Durham (2014) have argued that educational attainment levels are likely to continue to improve in most countries over the next 50 years, except when crises (especially civil wars) disrupt a country's progress. Table 1 displays forecasts of educational attainment in the world, and in seven countries with large populations spread across the range of the Human Development Index (UNDP 2018). The WIC2014 projections (Lutz et al. 2014, Appendix II; Barakat and Durham 2014; Goujon et al. 2016) indicate that globally, educational levels will improve markedly and continuously over the next half century. Specifically, the projections show that by 2060, a majority of the world's 25-year-olds will have upper secondary or postsecondary education, and a majority of German and American adults will have postsecondary education. In China, just over half of the population will have upper secondary or post-secondary education, although nearly 40% of the population will have lower secondary education only. Indonesia is expected to perform even better, with 72% of the population reaching the upper secondary level. India will have substantially reduced but not eliminated the share of the population left behind with no education, and a majority of the country's population will have upper secondary or post-secondary education. In Zimbabwe, three-quarters of the population will have upper secondary or post-secondary education, provided the persistent economic problems (hyper-inflation, high unemployment, corruption) the country has experienced under the Mugabe regime are resolved. What has driven these improvements in education? Becker (1962) , in a theoretical analysis of investment in human capital (the stock of knowledge and skills acquired through education and training), showed how in-firm investment in on-the-job training produces long-term benefits for the firm and for the worker, provided labour productivity continues to rise. His subsequent work added analysis of the effect of human capital investment on fertility and economic growth (Becker et al. 1990) , and on the gender division of labour (Becker 1985) . Becker's work on this topic is summarised in his book on human capital (Becker 1993) . Parents invest in the education of their children so that the children's future life-time earnings will be higher and their lives will better than they would have been in the absence of such investments. The state invests in education in order to raise the productivity of the national workforce in a competitive world economy. Difficult decisions must be made about how the costs of education are divided between the state (i.e. the taxpayers), the firm/organisation, and the family. While the share of educational costs carried by the state has risen in most countries over time, this share can fall when national and local budgets are under pressure. But productivity also depends on investment in physical capital, and in new technologies in particular. To reap the benefits of these new technologies, education -especially in science, technology, engineering, and mathematics (STEM) -is vital. Crespo Cuaresma (2017) combined the WIC educational attainment forecasts with assumptions about investment in technology to generate projections of income (GDP per capita) under different SSP scenarios for countries of the world. According to these projections, world income in purchasing-power-parity US dollars per annum could rise from $10.7k in 2017 (The World Bank 2018) to between $20k (least favourable scenario) and $100k (most favourable scenario) in 2100. Lutz and Skirbekk (2014) set out the basic rationale for including education as a variable in world population projections. Education is an important determinant of fertility, as more educated women tend to have fewer children and to have them later in life, while less educated women tend to have more children and to have them earlier in life. Education is also an important determinant of morbidity (health) and mortality (longevity), as more educated people have higher levels of health and longevity, while less educated people have lower levels of health and longevity. Finally, education is an important determinant of international migration, as more educated people migrate at higher rates across international boundaries than less educated people (Dustmann and Glitz 2011). Education is, of course, not the only determinant of the future age-and sex-specific component rates used in demographic projection models, but it is undoubtedly a crucial factor.
The role of education in population change
To capture the effects outlined above, educational attainment shares by age and gender are introduced in the WIC2014 model as independently forecast determinants. This is a pretty rare strategy in demographic forecasting models, in which most drivers of change are endogenous. Barakat and Durham (2014) explained their rationale for projecting educational grade shares independently, and described the methods they adopted. Goujon et al. (2016) provided a detailed explanation of the complex process of assembling and harmonising the international and national datasets required for estimating the baseline educational distributions.
Multi-dimensional, multi-state, or micro-simulation models?
To implement the projections of the population classified by educational grade, used an expanded version of the cohort-component model. In various papers, this model is described as multi-dimensional or as multi-state. These descriptions are somewhat vague; and this fuzziness has persisted since Land and Rogers (1982) edited Multidimensional Mathematical Demography, a volume that featured articles with a mixture of the terms 'multidimensional' and 'multi-state' in the chapter titles. A clarification of the differences between these types of models is proposed here.
Multi-dimensional population models incorporate a variety of population attributes, and use these attributes to influence the component assumptions and generate outputs. Thus, for example, the addition of education to age and sex means that differences in fertility rates by education influence future births. Specifically, based on survey and vital statistics evidence, it is assumed that in most countries, there is a gradient of fertility from high to low among people with low to high educational attainment levels.
Multi-state models classify the population by groups beyond age and sex, and, crucially, allow people to transition between one state and another. Multi-state models were initially used to project population flows between sub-national regions (Rogers 2008) . They have since been employed extensively in academic research and in official projection methodology. The use of these models in international contexts lagged behind their use in national or sub-national projections by several decades. Essentially, it was not until a new method was developed by Abel (Abel 2013; Abel and Sander 2014; Sander et al. 2014; Abel 2018 ) that estimating countryto-country flows from information on migrant stocks (population by country of residence and birth) collected by the United Nations became possible (UN 2017) . The WIC 2014 model applies migration transition rates from a single country to the rest of the world, and vice versa. International emigration flows by age and sex are multiplied by the proportions of the origin country's population in each educational grade. The net numbers of international migrants by age and sex are then computed and multiplied by the proportions in each educational grade for each country of destination. It is therefore clear that this projection model is unable to determine whether a country is experiencing a 'brain gain' or a 'brain drain'.
Some educational projection models incorporate state-to-state transitions (Stone 1965; Stone 1971) . Lutz et al. (2004) experimented with models using transition rates between educational grades. But in the WIC 2014 projections, future shares of the population by educational grade are used. Goujon et al. (2016, p. 322 ) clarified this approach as follows: ". . . the reconstruction model that we have developed -presented in more details in Barakat and Durham (2014) -ultimately requires not transition rates between attainment at time t and t + 5, but the shares of different attainment levels at ages 15-19, 20-24, and 25-29 years, conditional on (presumed) final attainment at age 30-34 years or above".
This approach to projecting population levels resembles methods used to estimate healthy life expectancy that added health state prevalence rates to a standard life table (Jagger et al. 2008; Jagger et al. 2014) .
A final category of projection model is the micro-simulation model, in which the unit modelled is not the group or the state population, but the individual. Van Imhoff and Post (1998) showed that macro-or micro-projection models can be designed to implement the same processes. They discussed the advantages and disadvantages of each of the two representations. In micro-simulation models, the individual profiles can be extensive, and can include many characteristics that influence the components of population change. For example, Bélanger et al. (2017) have proposed, and are currently working on, a demographic micro-simulation model that uses a variety of survey and census micro-datasets for Canada, the European Union, and the USA. This model, which was developed as part of an EU/IIASA project on population and migration (CEPAM 2018), will, when implemented, enable the prediction of current fertility, mortality, internal migration, and emigration rates by age, sex, educational grade, and other variables, such as place of birth, race/visible minority group, immigration generation, age at immigration, language, and religion. The aim is not to include all such variables in a prediction model, but to use those variables that appear to be significant determinants. It is also necessary to project as many determinants as possible into the future, either within the micro-simulation model or via an external model.
The Wittgenstein Centre 2014 model: a reader's summary
Underpinning the WIC2014 model is the concept of demographic metabolism (Lutz 2013; Lutz and Skirbeck 2014) , which is the process through which the ageing of successive birth cohorts changes the nature of the population, assuming that each cohort differs from the previous and the following cohorts. If a new but persisting trait is acquired by the young and not by the old, the trait will be transmitted upwards in the age distribution to become more common over time. Educational attainment is such a trait. It is assumed that education is acquired in the early years of life, or up to ages 30-34 in the WIC2014 model. In recent years, successive birth cohorts have been progressing further in the educational process than the preceding cohorts. Thus, even if the typical educational career ends by age 30 to 34, the make-up of the whole population will change as newer cohorts replace older cohorts, or age by age. The main processes that contribute to the changes in the educational composition of the population are cohort replacement and education differentials in fertility, mortality, and international migration. Educational differentials decline in strength through this sequence.
Mortality and fertility rates by educational grade are estimated so that the future numbers are dependent on this additional variable. However, educational composition (attainment rates by ages 30-34, and fixed at ages 35+) is projected independently for each country using a sigmoidal model fitted to past trends of percentages in each grade by age and sex. This is a projection of stock compositions. Transitions between educational grades are inferred from projected stock composition at five-year intervals, with no regression recognised (transitions to a lower grade from a higher grade) because the educational grade is defined as completed education.
The multi-state model is used to project emigration by multiplying the populations of countries by the emigration rates from the origin countries to the destination countries, and summing these rates over all flows to other countries. Immigration is projected by projecting emigration from all other countries to the country in question. For each time interval, a check is made to ensure that when all emigration flows are added to all immigration flows, net international migration worldwide is zero. If it is not zero, the emigration flows are adjusted to be equal to the sum of all immigration flows.
Because of the way net migration is used to estimate the educational composition of immigration flows, immigrants will have the educational composition of the destination country. Thus, the changing educational composition of the population will not influence the projection of total flows. The corollary of this observation, if correct, is that the Wittgenstein model cannot say anything about 'brain gain' (in advanced receiving countries) or 'brain drain' (in many developing and sending countries). The WIC2014 model is described in using 665 pages of text, followed by 357 pages of results. Here, I offer one reader's understanding of the model through one figure and one table. While these observations are undoubtedly huge simplifications of a highly complex construction, and thus probably contain some errors, they may provide new readers with a useful overview of the model. Figure 1 presents a flow diagram of the WIC2014 model. On the top left-hand side is a box that refers to analyses of educational attainment in all countries, and that provides the knowledge that is employed to estimate educational grade shares by age and sex, and to construct a model for projecting those shares in three educational development scenarios (Barakat and Durham, 2014; Goujon et al. 2016) . The projected shares are drawn upon at each five-year time step of the demographic projection model, and are applied to the end populations of countries. Below the education box is a box that refers to the analyses of levels, trends, and explanatory factors for the demographic components (Basten et al. 2014; Fuchs and Goujon 2014; Caselli et al. 2014; Garbero and Pamuk 2014; Sander et al. 2014; ). These analyses produce baseline estimates of fertility, mortality, and emigration rates by age, sex, and education. The authors produced assumptions for the component rates for the medium scenario (SSP2) of the projections, and for four other SSP scenarios. The boxes on the right side of Figure 1 show the products of populations multiplied by the component rates -namely, births, survivors, immigrants, and emigrants -which cumulate to the end population in each five-year interval. The results of the projections for each country are organised into an elegant two-page spread. The first page shows indicator tables for the medium scenario populations and education shares, and graphs for population sizes Scherbov et al. (2014) . Table 2 provides more details on the WIC2014 model. The top panel describes the variables and the categories used to describe the country populations. The middle panel provides notes on the data and methods used to prepare the baseline population and components. The third panel summarises the assumptions made for the component rates and for the development of SSP scenarios.
In an epilogue to World Population and Human Capital in the 21st Century, summarised the work carried out by the Wittgenstein Centre team on the consequences for the future of embedding education in demographic projections. Crespo Cuaresma et al. (2013) showed that without the development of education, the advantage of the population concentrating at working ages will not be realised. Striessnig and Lutz (2013) and Lutz and Striessnig (2014) argued that the optimum fertility rate for European countries is a TFR that is below the replacement level if education and associated productivity are built into the calculations, at least in the medium term. This is because future cohorts will be better educated and more Age-specific and total fertility rate series are assembled for low-and high-fertility countries (below and above a 2.1 TFR). Rate ratios are computed for educational grades. 
productive. The WIC team has proposed that the more educated populations of the future will be better able to cope with the environmental challenges of climate change (Muttarak and Jiang 2015; Lutz, Muttarak and Striessnig 2014) . (2014) Note: WIC2014 = Wittgenstein Centre projection model as described in .
A future agenda
I hope that this review will help more readers come to grips with World Population and Human Capital in the 21st Century, and will, as a consequence, agree with me that this volume represents a huge contribution to our knowledge of the likely future of the people on our planet, and can therefore help us in navigating the challenges humanity will face over the rest of the 21st century. What kind of work on education and demography will Lutz and colleagues turn to next? We discuss in this final section of the paper the following topics: the updating of the projections; efforts to convince international agencies to adopt the innovations of the WIC2014 model; controlled comparisons with alternative models and historical sensitivity tests used to convince the demographic community and agencies; improvements in the international migration component of the projections and links to migration policies; and the embedding of the population and human capital model in a world ecosystem that captures population-environment-economy linkages.
The first challenge is updating. As new data and new trends may have emerged since 2014, the projection's baseline data, and possibly its assumptions, need to be updated. Lutz et al. (2018) have already produced a revision of the WIC2014 results and introduced alternative migration scenarios by level of migration. One feature of the model that will need to be updated in the future is the treatment of education as attainment levels steadily increase; i.e. further differentiation of the types of learning and skills acquired will become necessary, particularly at the upper secondary and post-secondary levels. In the 2018 update for the 28 EU member states, a more detailed set of educational categories has been introduced that distinguishes between three levels of higher education: short post-secondary education, bachelor's degree, and master's degree or higher. Are national educational systems graduating people with the right skills? What is the optimal balance between the fields of science, technology, engineering, and mathematics (STEM) on the one hand, and humanities, arts, and social sciences (HAS) on the other? In addition, more attention should be paid to the quality dimension of education, which is the current focus of UNESCO international research on education (UIS 2017a; UIS 2017b). For example, the UIS (2017b) has found a huge disparity in outcomes at any given grade of education between countries across the world. In Sub-Saharan Africa, 88% of children and adolescents fail to achieve minimum performance levels in reading; while in North America and Europe, this figure is 14%. Thus, the transformation in the educational compositions of developing countries in the WIC projections needs to be accompanied by a quality assessment. Such research would help in further developing the education-specific labour force projections developed for the EU-28 countries by Loichinger and Marois (2018) .
The second challenge is to convince international agencies to adopt the two key innovations of the WIC2014 model by adding education and international migration to the dimensions of world projection models. The agencies that might be involved in these efforts include the UN Population Division; the UN Development Programme; the UN Educational, Scientific and Cultural Organisation; the UN World Health Organisation; and the World Bank. Strengthening the argument for adopting the WIC2014 approach will require some additional research. First, historical evaluations of the model are needed. This would entail calibrating the model for one period (e.g. 1985 to 2000) and producing a forecast for a second period (e.g. 2000 to 2015) for which good estimates of the population by educational distribution have been created in the production of WIC2014.
Second, comparisons between the WIC model results and those of international agencies need to be performed by running the projections on software generalised to offer alternative model designs (e.g. no education vs. education included). Currently, comparisons of WIC model results with UN, World Bank, or US Census Bureau projections have focused on differences in the assumptions underlying the outputs (Abel et al. 2016) . Studies on country-based sub-national projections have explored the consequences of alternative model designs with the same assumptions (Rogers 1976; van Imhoff et al. 1997; Wilson and Bell 2004; Wilson 2015) , while another study has discussed the difficulties of making comparisons between published projections if model design differences are not considered . A recent systematic review of this question with applications of models of different degrees of complexity and assumptions for India is given in KC et al. (2018) . However, Rees et al. (2018) has called such comparisons 'interpretative', as they are based on subjective judgements, rather than on 'controlled' experiments (e.g. Wilson and Bell 2004) .
The WIC2014 model introduces international migration flow estimates produced by Abel and colleagues (Abel 2013, Abel and , while Abel (2018) has extended and improved these estimates. However, the ways in which these flow data are used in the WIC model could be improved.
First, there are survey and census data available on international migration from the destination countries that can be added to immigration-specific rate ratios by educational grade. Bernard and Bell (2018) have derived education rate ratios for internal migration for 56 countries covering 65% of the world's population by employing International Public Use Microdata Samples (IPUMS) and census data to establish rate ratios that are both crude and controlling for other variables. However, most of the IPUMS datasets lack emigration data by origin country. Population data by country of birth and current residence, which are already used to generate the flow estimates of Abel and colleagues, might be employed to distribute immigrant rate ratios back to the countries of origin.
Second, the flow estimates themselves could be improved by adding the missing migration transitions of new-born survivors, migrants who have died, and new-born migrants who have died, as well as additional repeat and return flows, through assumptions like those employed by Rees and Wilson (1977) in their development of transition-based population accounts. It would also be helpful to clarify whether the WIC model used movement or transition concepts when incorporating international migration (Rees and Willekens 1986) .
Third, there is an opportunity to develop a 'gravity' model of international migration flows that predicts flows using the population and labour market attributes of the origin and the destination countries, and impedance factors (e.g. distance in transfer costs, distance in language and culture, former coloniser-colonised relations, membership in a federation or a union of states) (Kim and Cohen 2010) . Policy (controls on immigration) could be introduced into such a model. This model might be used to explore the transfers of human capital between countries ('brain drain' for developing countries vs. 'brain gain' for developed countries) and the role of 'counter-flows' of international remittances.
My final suggestion for a future agenda would be to take one step further and embed the population and human capital model in a world ecosystem that captures population-environment-economy linkages. In the WIC2014 model, the SSP scenarios are designed to supply alternative future populations for use by climate modellers. How would different climate change scenarios affect the growth and the distribution of the human population? Wittgenstein Centre research has already looked at the ways in which raising educational levels might help populations in adapting to climate change. Work on Population-Development-Environment models has been carried out by the IIASA leg of the WIC tripod (e.g. Lutz 1994 ).
